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MICROENCAPSULATION OF CELLS 



ROTATED APPT.TCATIONS 

This application is a continuation-in-part of 
United States Serial No. 07/891,274, filed May 29, 1992, 
now pending, the entire contents of which are hereby 
5 incorporated by reference herein. 

This invention relates to polysaccharide gels, 
and to compositions and methods for encapsulating 
functional cores such as biologically active materials. 
More specifically, the present invention relates to 
processes for encapsulating functional materials for 
successful in vivo transplantation. Encapsulation 
compositions and methods defined by functional parameters 
and assays relating to the capsule core, capsule membrane 
and capsule biocompatibility properties have been 
identified which are critical for successful in vivo 
immunoprotectivity and for functioning in the large 
animal model and in discordant xenografts. Compositions 
of matter, articles of manufacture prepared therefrom, 
and methods for* the use thereof are described to achieve 
these critical functional parameters, essential for 
successful in vivo application. 

BACKGROUND OF THE TNVENTION 

Diabetes Mellitus is a life-threatening disease 
affecting over 100 million people worldwide. Multiple 
25 insulin injections given periodically throughout the day 
cannot duplicate < the precise feedback of insulin 
secretion from the pancreas. A potential method of 
treatment is to extract the insulin-producing cells 
(islets) from a pancreas and to inject these cells into 
30 the diabetic patient, thus effecting a cure. 



10 



15 



20 



WO VJ/241 tj. 



2 



20 



25 



30 



35 



Microencapsulated islets as a bioartif icial 
endocrine pancreas was described over a decade ago by Li* 
and sun Science, 210:908-910 (i960)]. By implanting 
islets encapsulated in calcium alginate coated with poly- 
5 Lysine (PLL, , they were able to maintain normal blood 
sugar levels in diabetic rats for 2-3 weeks. Due to the 
very gentle, simple and rapid immobilization procedure 
algxnate/polycation entrapment is still the most 
promising method for islet encapsulation and an extensive 
volume of literature has been devoted to this capsule 
Notwithstanding the substantial body of literature and 
experimentation and patent art in this area, to date 
there have been no reports of successful long-term 
in vivo transplantation of encapsulated islets in large 
animal (canine) models by the methods of encapsulation 
taught in the literature or in the patent prior art. 
Only until viable, long term function is demonstrated in 
large animal models can this technology proceed to 
application in insulin-dependent diabetic patients. 

More than a decade has passed since Lim and Sun 
described this technology, and successful reversal of 
diabetes in large mammalian models by transplantation of 
encapsulated islets has eluded all investigators in this 
field, as recently as March, 1992, in the .Journal of the 
African Society for Artificial Internal Organs, 
califiore reported that intraperitoneal graft of 
microencapsulated islet reversed diabetes in mice, but 

this approach was less successful in large diabetic 
mammals (canines)- (ASAIO Journal 3_8: 36-37 (19 92 ) m 
order to overcome this deficiency in prior art capsules, 
Calafxore resorted to developing a vascular prosthesis, 
comprised of two coaxial tubes, creating a vascular 
chamber for encapsulated islets. This required a 
vascular anastomoses of the device and eliminated a major 
advantage of microencapsulated islets, namely the 
simplicity, and safety of injecting encapsulated cells 



free floating/ into the abdominal cavity without a major 
surgical procedure such as vascular anastomoses. 

Thus, it is clear that difficulties in prior 
art capsules exist which have prevented successful long 
5 term application of alginate - PU. encapsulated islets » 
la rge animals, despite earlier success an small anxmal 
(rat and mice) trials. 

Hany attempts have been made to optimize or 
improve the performance of the capsules [see, for 

10 example. Sun et al. flW) Microencapsulate of cells as 
hormone delivery system. c*c critical revie* in 
therapeutic drug carrier system 4,1-Mi — et al. 

(19t4 ) optimization of microencapsulation parameters.- 
Semipermeable microcapsules as a hioartificial pancreas. 

M Biotechnol. Bioeng. 2 7:146- 15 0, . Despite these attempts 
the methods and materials critical for successful an vivo 

-^ivrtai^ have not been elucidated, 
implantation in large animals nave m><- 

Although some attempts have been made to 
optimize the performance of the capsules by improving 
2 0 their biocompatible and stability tsee, for example, 
sun et al., ,«.7,, supra,, relatively little has been 
done to correlate the molecular structure and size of the 
main polymer component of the capsules, the alginate, to 
the functional properties of the resulting capsule. 

,s An alginate - PLL capsule which contains a 

biologically active material or live cell<s, is taught in 
the prior art to comprise three main components: i> 
liquified core of calcium alginate enclosed * r 11) a 
polyanion/polycation complex membrane, and (iii) an outer 

30 coating of a polyanion. 

The function of the polycation is to form a 
complex membrane which reduces and controls the 



4 



cells sul ° " *° aVOid ""accent ot 

cexxs, such as fibroblasts +•« *.u 

shorn* »i ^rooiasts, to the capsule membrane, it 

eventuai — ~~ *. 



Perfect ^ZZlZTZ^lTl ^ t0 
Tsang et al .. c » * °* '""Nation. 

then expanding the „< * mcrocapsuie, and 

thereafter d "° l0Ees -icrocapsules which are 

»y the liquidation of the microcapsules. 

the proMeToVl 0 : *" " 0t yet 

^crLpsi:'^;: 1 "' 8 ^ 16 ana 1 ° n *- 1 ~""* 

«. l: ; ; ^r^r r n9 prior art 

0 first encapsulated i„ , T P ' ° ells are 

■• « h ich affe^irio 0 ::::::; r severai * n * i ~ 

liquification of th» 7 requirement for 

integrity of Je T 7" ° 0nPr0BlMS tte structural 

fibrosis T " enbraae ' *** « exposed can cause 

capsule core may re^u" i t ta'thTT' de9eUlnS * "» 

Poly-lysine or IZll* Zi^t ^ " ""^ 

reaction to ^ """"ea alginate, causing , tLhrotlc 
to the microcapsule. These and other problems 
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are overcome by the present invention which is described 
below. 

crnmiPV OT THE INVTMTION 

There have been no reports on methods of 
5 determining whether a capsule will be successful for in 
vivo transplantation in large mammalian species. As used 
herein, the phrase "successful in vivo transplantation in 
large mammalian species" means the reversal of the 
deficient disease state for a prolonged period (at least 

10 greater than 30 days) following implantation of the 
encapsulated biological material. Specifically, with 
encapsulated insulin producing cells (islets) , successful 
transplantation implies maintaining normal blood sugar, 
without the need for any exogenous insulin therapy, in a 

15 previously insulin-dependent large mammalian species 
(e.g., diabetic dog or Type I diabetic patient). This 
goal has eluded investigators for over a decade since the 
first description of encapsulated islets by Lim and Sun 
in 1980. 

20 m accordance with the present invention, it 

has been discovered that a major reason for the failure 
to achieve successful in vivo transplantation in large 
mammalian species has been flaws associated with the 
design of the microcapsule as taught in the prior art, 

25 flaws in the method of making the capsule, and a lack of 
tests to determine if a capsule will be successful. 

in accordance with the present invention, it 
has been determined that in order to achieve successful 
in vivo transplantation in large animal models i a number 
30 of functional properties must be met by a capsule. These 
properties include (i) a mechanically stable capsule 
core, (ii) a mechanically strong capsule membrane (i.e., 
the membrane must be of sufficient strength to prevent 



capsule disruption, , (iii, the absence of excess exposed 
positively-charged PLL ,„ hlch leads to fibrosis,, Z 
(iv an adequate level of diffusion of the entrapped 
biologically active material out of the capsule. 

The present invention is directed at the 
identification of capsule structures and compositions 
which enable successful long-term in vivo function 

dL 1 c 0 "H n9 , tranSPlMtatl0n ln lar » e — «"« *P«i«s and 
discordant xenograft models, m addition, functional 
-says are identified which are essential to be J^ in 
order to achieve lo n g -term in vivo function. Through 
appropriate selection of capsule material in accordance 
with the present invention, and in a particular aspecT 
through control of the gelling kl „etics of the Mte ^ 
comprising the capsule, the distribution of alginates 
in the capsules can be controlled. Attention to critical 
factors affecting capsule core strength and capsule 
membrane strength result in a capsule composition not 
heretofore described. 



capsules T PriOT "* al?lMte Potion 

capsules the capsules of the present invention display 

several improved characteristics, i.e., (i, higher 
mechanical and chemical stability (due to a higher gel 
conception near the capsule surface, which increL s 
the 9el strength and the stability of the gel phase near 
the surface, , (ii, hlgher Ilginate 

capsule surface (causing an increased binding of 

(mrl 0n h r h d 3 "^-^"y longer membrane,, and 
(iii) the higher gel concentration near the capsule 
surface provides a more effective immunobarrier (based 
upon , denser capsule surface (porosity, and an 

l^T lC '" IeUr ^ M 8 fiXBa "^"vely-charged 



The alginate/polycation microcapsules of the 
present invention (having improved mechanical and 
chemical stability and biocompatibility) are made by 
selecting capsule material (and the gelling ions 
5 therefor) according to the desired chemical structure and 
molecular sizes, as well as by controlling the kinetics 
of capsule formation. Invention capsules are preferably 
made from guluronic acid enriched alginate, both in the 
core and in the outer coating. The capsule is further 
10 characterized by having a solid alginate gel core of a 
defined ratio of calcium/barium alginates, with an 
anisotropic distribution of polymer material in the core 
(i.e., the concentration at the surface is much higher 
than in the center of the gel capsule) . 

15 Unlike prior art capsules, there is no 

degelling of the alginate core of invention capsules. 
Also, because, in a preferred embodiment, the inner core 
alginate is made of barium and calcium ionically cross- 
linked alginate, it is more stable than prior art calcium 

20 alginate, and less toxic than prior art barium alginate. 
Further, because of the synergistic effect of the 
combination of barium and calcium, there is less exchange 
of calcium for sodium. Also, there is an increased 
negative charge on the alginate core relative to prior 

25 art calcium alginate cores, which results in enhanced 

performance of the capsule, including increased diffusion 
of gene products out of the microcapsules, and, increased 
resistance to penetration of negatively charged 
antibodies into the microcapsules. The stronger binding 

30 of poly-lysine results in a stronger membrane, and also 
prevents leakage of poly-lysine (which in turn causes 
fibrosis)*. While barium has the stronger affinity, it is 
toxic in large amounts, and therefore, creates a safety 
hazard that is undesirable. It has, however, in 
35 accordance with the present invention, been unexpectedly 
found that a combination of barium and calcium, within a 
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particular concentration range, has the benefits of high 
affinity without the disadvantages of a high risk of 
toxicity. 

It has also been discovered, in accordance with 
the present invention, that mixing alginate compositions 
of high M content improve the binding of PLL in the 
membrane formulation step. 

PRIEF DESOPTPTION OF Tfl E FTflpft fig 

Figure 1 presents the results of an in vitro 
assay (insulin secretion in response to static glucose + 
theophylline stimulation) demonstrating the diffusion 
capacity of encapsulated islets. Assays with free islets 
(a - 2) are represented by black bars; assays with free 
microcapsules ( n =l5, are represented by densely striped 
bars; and assays with entrapped microcapsules (n = A) are 
represented by sparsely striped bars. 

hk* . FlgUre 2 illustrates successful reversal of 
diabetes m the large animal model by islets encapsulated 

20 di " OT,P0Siti0 ^ Which P— « the explosion, implosion and 

group is designated by o, and the encapsulated islet test 
group is designated by a. 

Figure 3 presents the results of intravenous 
glucose tolerance test post transplantation, 
25 demonstrating normal diffusion of insulin in vivo from 
the encapsulated canine islets. Pre-transplant values 
(N-6; K value - o.6±0. 4 ) are noted by a , and values 2 
weeks post-transplant (N = 6; K value = 2 .6±o. 8) are noted 



30 



Figure 4 presents the results of intravenous 
glucose tolerance testing (IVGTT) , providing K-values 
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txansplant values. 

Figure 5 summarizes basal c-peptide levels 

^ 4.«n«iant, demonstrating ongoing 

^ttz^^ - p<0 - 05 ' 

indicating that the basal C-peptide « 
significantly different from pre-transplant values. 

Figure 6 summarizes peak C-peptide levels 

. «. ,„„«: n iant, demonstrating ongoing 
measured pre- and P°^™^ 
long-term islet survival. An * sigm 
indicating that the pea, C-peptide level. tjx. 
significantly different from pre-transplant values. 

Figure 7 summarizes the duration of ongoing 
islet survival in large animal models with islets 

negated using novel capsules described herein. 
Black bars represent the results after *J£* 
transplant, diagnally striped bars represent results 
20 "a second transplant; and shaded bars represent 
results after a third transplant. 

— .« « in nose levels achieved 
Figure 8 presents serum glucose lev 

wi th a discordant xenograft J^^^ using 

demonstrating ^^f^^^o, without 
25 encapsulated canine islets in diabetic 

immunosuppression . 

TKVF.NTION 
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in accordance with the present invention it 
„ ^ a+ - * manor reason for the failure 
has been discovered that a ma? or re* 

Has oeen transplantation in large 

30 to achieve successful in vivo tran p 

i. -Flaws associated with tne 

mammalian species has been flaws as 
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complex of * CSPSUle WU1 te *"=«ssful. *he 

» ^ ^ onVteL t" a " eCtin9 CaPSU16 PrOPe " iM 

herein. ° SUCMSS " e discu "« « *» ^tail 

EMPt l -VO Property „, r . 

h Stable Capgni a rnr< . 

10 critical StabUity « «" ™- ««. is 

Present ilntLTT"™"' ^ """^ " lth th * 

of the c 0r rri " ;r d tb * t tte priMiy f ^«« 

conditions w iVL" P 

15 Secondarily ^eT T ° f " SPheri ° al »««• 

Mndi ng oS^Z T" SErVe SS 8 tCTPUte £ <* 

such that the ^! ^ Z CrMtln9 S StraCt — 

contributes to1 a Soll 5 ' ° n ^ * l9l, " t " °<***°° 
^eed, in accorl * ""^ structure. 

leads to^srulL ^ !" ^ ° aPSUlS 00 ™ "lately 
failure. A pliotomi raPSUle fflelnbrane "* *™ £t 

"icrocap^ef l^ZZ^ " 

Perito„e al cavi^f TliT* ^ f ™ «- 

25 mechanical ^7 O" 1 **" -Jog reveals that 
occutr"eT dl6rUPtl ° n of «*PH. "embrane has 

™ P erU»:aT ted . Cani,,e ^ "~ 
sucoes S fuL?«: e a L CaVlt ?; ° f " diab6tic and 
Period. ExLLti f S ' ** °" ly fW a *«* 
30 failure ^ZZtZ ll "V""— 1 ^ity at time of 

evidence tha i^l » 7 ^ CaPS " leS ' 
i»now- * "echanical stability plays an 

important role In- graft failure in the larJ 
model. " ™ e large animal 
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Disruption of the capsule membrane occurs 
largely due to swelling of the capsule core. Swelling of 
the capsule core occurs in turn due to increases xn 
osmotic pressure within the core due to an unequal 
5 distribution of unbound, mobile (Na~ and Ca ) xons. 
In vivo, in a large animal model, the unbound calcium 
within the capsule core (as well as non-gelling sodium 
ions) create an increased intracapsular osmotic pressure, 
attracting water within the core, causing capsular core 
10 swelling. A consequence of the swelling is a decrease in 
polymer concentration within the core, as well as 
increased membrane porosity, resulting ultimately in 
capsular failure in vivo. Thus, capsular swelling sets 
off a chain of events including decreased polymer 
15 concentration, an unstable capsule core, capsular 
disruption, exposure of poly-lysine, loss of 
immunoprotection of the enclosed cell, fibrosis and 
finally graft failure. Furthermore, the increase xn 
porosity further adds to the loss of immunoprotection in 
20 vivo, and again ultimately graft rejection, fibrosis and 
graft failure. 

The importance of a stable capsule core has 
never been recognized in the prior art. In fact, the 
prior art teaching of capsule formation is the opposxte, 
25 i.e., to destabilize the core either by liquifying the 

center with sodium citrate (Lim, U.S. Pat. No. 4,352,883; 
Goosen, U.S. Pat. No. 4,689,293) or to swell the core 
with saline (Tsang, U.S. Pat. No. 4,663,286). 

Since the ultimate cause of an unstable capsule 
30 core in vivo is increased osmotic pressure (as a result 
of unbound, mobile, free ions within the core, resulting 
in ingress of water and capsule swelling) , stability of 
the capsule core can be ensured or improved by one, or a 
combination of two or more of the following methods: 
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(i) Minimizing the number of mobile ions rv** 

TJTT, CalCiU "' «» - * 1, 

iVX « t • , mS 15 C ° ntraiy t0 al1 «» teaching 
in prior art capsules, where the current dogma ie to 

"act, a.e., to increase the number of mobile ions and 
increase the instability of the capsule core; 

provides J^' ° tlliZlng an al « inate "-Portion which 
10 -echanical strength, i.e., high 

10 guluronic acid content; 

replacing ' "» of mobile ions by 

replacing ionic cross-linkage with covalent bonds Th. 
current alginate gelation process involves bind^g of L~ 
IS L T S ° f G bl00kS - ^ -"able water sol" Di : ^ 
Z b ° nd . diSSOCiat - *« -suiting m deget^ of 

the core, increased number of free ca« ions avlilabll 

— . Of a^a^tlT^il: a^Lt ^ £ t 
produced by photopolymerisation of a J^llll 

polye^ " ? CO " ,blnation ^ Photopoly.eri.able 

s ?£T,l2ll yco1 - or a conblnation of ionicai * — - 

biltriai s ? :r ln COmbinati ° n th ~ 

(iv) Entraping the alginate-PLI.-algi„ ate 
nicrocapsule in a solid core alginate „acrocapsute 

„„,„ • P ° lyCation (Poly-lysine) forms a complex 

Polyanion/polycation membrane with alginate, provides 
length and controls the permeability of the 
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.lainate-FLL nemhrane. It has been 
i„unoprotectlve alginate BeBbrM1 e be of 

fo und that it U -tical ~* « diswtion Ihe 

sufficient strength to prev ^ by the 

alginate-PLL ^ n : f S ^ funl -ich in turn is 
n<OT ber and strength °* ' X (coneentratlo n) of 

ceter»ined by the ^ ^ positively- 

negatively-charged ^»-*\~ lw conce ntration 

charged polyoation «« 1 . Ugui£ie d gel core 

of alginate is available^ as in^ ^ ^ ^ 

( as is taught in prior « 
weak »e»brane ensues, resulting in in VI 
disruption with resultant graft failure. 

Since capsule »e*brane strength is dependent 

li) increasing the number of available 

(x) incr * £ ^ alginate gel core, 

negative -W'^i - cross-lin*age with 
thus allowing a higher percent 

the positively charged PLL - ^ 

.carbohydrate Polymer of , nisotropy 

that alginate gels of varying a g rela tive 
(heterogeneity, can be ^"^XLtions. They 
concentration of gelling and non can ^ 

penetrated that Inhcogene^y of » »W 
increased by (a, increasing the fracti^ J« ^ 
acid content and (b) decreasing ™ higher 
cations. Since £^ ^ 

polymer concentration at the «* voulQ be 

of the gel, a higher Positively-charged 
available for -eabrane f oration wi ^ P 
pti. Thus, a stronger capsule meiabrane ecu 
^ln S I'LL vi** « i^ogeneous alginate gel. 
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..... j;t s 1i; sol : tion iow in ionic 

glycerol. T^e 1 " 0l ' diEtmed ^er or 

«ntr ary , since prlor ^teL? S Beabrane - °" «» 
teach uissolving^at ° f ^capsulation au 

to swell the alginate ^ * " ~ ° f «"~ 

presence of a hioh homogenous (because of the 

-O, rather £ rtS^ gT^ ""^ 

alginate c^ J^^T^^ throughout the 
— charge ^T^J^ « 

" increased ^in?^" 601 ™ 10 * 1 •*"««' — «*o b. 

'"inity for ttl 9 " 0 ^tion with a higher 

invention, it h as Vlth «- *««nt 

»i»«ng a^nity £o Tll PLL *- * higher 

*° 9uauronic acid (a) l T ™ U «' rel «tive to the 

increase ^ a '~ « Thus, to 

alginate ce^tCST. h°LV h ° Uld """" *" 
However, utilising an a^iLt "° niC aCid «*"*-*• 

contrary to the aav»ta' B "* " C ° ntent < «- 

« high G contents |fTT 3l9inates ""h 

i-unological bio^pat^utT **** ™ 

«veral methods have beefd™ , ***"" 
h^her M alginate i„ ^TftZT *° **" ° f 

the formation of capsule membrane: 

> »«*> together ««, " al ' ln "e (M content 

• -lie capsuie co« ^ I?""*" (C > S °*> - 

"oc* chain lengths JncTi^'s ! l^T ^ ° 

strength, while the hi«h w , . * provades the core 

"able to be conplexed with PLL. The 
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weight ratio of high G to high H alginate in the 
admixture can vary widely, but is preferably 1:1. 

(b) alternatively, only high G alginate 
is used in the capsule core, but high M alginate is used 

5 in an intermediate and outer layer of the capsule. A 

preferred example of such a capsule composition is 
described in Example 3 (with reference to the preparation 
of MIC-C). 

(c) Xet another alternative is to provide 
10 increased negative charges within the solid alginate gel 

core, thus allowing increased *omplexation between PLL 
and a solid Ba/ca alginate gel core. Ca competes with 
PLL for binding sites within the alginate core. Tsang 
describes the use of saline (to swell the gel core and 
15 facilitate PLL binding) , and Lim teaches complete 
liquidation of the capsule (with sodium citrate) 
following the PLL step. These methods suffer in that the 
gel core is damaged by inducing instability, even though 
the alginate-PLL interaction is facilitated. Zn 
20 accordance with the present invention, a novel method of 
achieving increased alginate-PLL interaction without 
inducing instability of the core has been devised in 
which a Ba/Ca solid gel core is treated with a calcium 
chelator (such as sodium citrate, EDTA, EGTA, and the 
25 like) to remove Ca** ions, thereby increasing the 

availability of unbound negatively-charged alginate, and 
yet maintaining a solid, stable gel core (due to the 
presence of barium crosslinking) . This is accomplished 
as described in Example 3 (with reference to the 
30 preparation of MIC-G) . 

The advantages and novelty of treatment of 
Ba/ca solid gel core with a calcium chelator include: 
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the solid gel J£ , DeSPit r tt£ — « citrate, 
calciua gel core) . Cltrate CM Pl«e ly Uquifies , 

5 

(ii) Since the oel cor« ^ 

after immersion of a n*/^ , * * 0t dis solv e 

encapsulation process and 11 * * dUr1 " 3 to e 

<* PLL to alginate ' ! ° Pti, "" e th " lability 

" teachings o/^l^TT^^ *" «* 

step could only be aL • V 0rmatlon ' 0,6 e <*Uun, citrate 
^ was f Te 1^ ^ '^""e-PLL 

e^d to ^"ELT ~ ^ 

necessitated by the fa* <-k * XOre ' Thls «« 

«l. rendering lt ^IZJll^l " P °~» *° 

PLL thereafter i„ ! . a "^rane with 

sodium citrate E t!p tn C l r i0n he " in - «- 

»• the gel core step tZ following 

annate to ^ ll^ 2^2^^ " 

within the gel ^J^"*" Pliability 
capsule - J^LTT ^ ° nly ^ ' 

sodium citrate it h* c absence of 

ce ' lt: h as been discovered th»*- . 
foliated with Ba:ca and with exless Jl 
(capsule formulation j Tabled *** ^ ° SUre to 
resulted in hie* evn ' ^ With bariuin alo «* 

30 of the me^e JSTh 6 m ^ ^ «~ 

«»• with a highly fibrogenic membrane. 

- r -e JZZj^jrj£Z£~~- * 

negative-charged a ioi na f availability of 

9ea al 9mate can be modified »nH 

— the thicks of the algi^ can be 
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* «-v^« is provided by the 
finfe -tuned. Evidence f or this x d * srliptlon of alginate 

occurrence of ^ B tT^« citrate 

capsules following 6 * inut ~. 24 hours immersion 

exposure (75* of capsules inta ^ areG to 

- — va- =r ^ cifcrate 

alginate «P«*-£^ intact after 24 hours of 
exposure (approximately increas ing the exposure 

immersion in distilled water. By x ^ chelated> 

of th e gel to ^^eC ne gatively-charged 
increasing availability incre asing membrane 

alginate for binding *o PLL, ^ 

strength. The use of ^^trength has not been 
xaembrane thickness and membrane s 
described heretofore. 

(d) Yet another alternative method to 

incr ease ****** ^^ZZ^. *- 

concentration of PLL, or TO 
between alginate and PLL. 

yet another alternative method to 
( e) Yet a» -^crease the negative 

J0 increase PLL-alginate binding ^ie, by 

enarge density of the algmate 
introducing sulfate groups, and the liKe, 

alginate. 
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•U. it is critical that the capsule »eabrane 
«. „„th and thickness to prevent 
ne of -""^f^^y important that excess 
capsular disrupts. ** » T«V * 0<mplexe d by 
positively-charged ^ ^even/cellular • 

negatively-charged % t Etim ulatcr of 

overgrowth and fibr os "- p „iycation results 

fibroblasts and the J^ rane , pro i i£ eration 

in cell adherence to the capsui 
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-it,, .„ outer algin ;::^ ^2 tin : ot ~ ^ 
" « y nslng an ^^".rr ooat o£ ai?in "- 

binaing of pu, oocurs T* 1 h ln content, increased 
increases) . ' henc<! ««*ing of pu, is 

inv entlon , it iJ^Lf ..^T? ^ "» 
« capsule into C Clj ( o"T *—»!»» the 

«» coition of a g^ * * 3 *-t prior to 

to tte — ^ ~ rr^xr — - 

ana of the <* solution 

20 bathed *•* prior t0 ' „™ in > * 1Ch «- capsule ls 
Possible to opti Bl2e I™ ° Mt - " is 

"to consideration the 2 lof **•»■'•> *V taking 
PKa of 10 .s a M alginj/h co-P^ent (PLl nas a 

Buffer S ol„ti 0 „ s can! r™'"" 1 ** ""Proximately 
level, thereby ~ £ "T t0 Mlnt ain the PH at ' 

«* There JJ^T ° f al9in ^ 

opti n i, e alginate intern ^ °* »« *, 

0 antral core J£ J^^^ °* «*. into the 

ate can be accomplish,,,, by use 
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m fc desired effect 

nrder to acbie ve toe gapped 
In transplantation, <*• rf ^ 

10 f oUowin g i- ^ to response to a 

^logical ^ ^ Qf 

capsule in a to diffuse £«- 

biological - fflust » 

the surrouw- 

in response^ ^ mu6 t »e 

parameters . tv is net. 

diffusion capa^lxtY . . 4t 
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capable - invention , it 

native cbaroe. ^ oM ^ - x -*-^UtU forces, 
natively ***** rap60i e via ^ , s . 6oll d core 
lr om the core ^ oroo apsule, as ^ the 

25 Hence a " ascribed ^f oal aerials, 

outer « croe8PS !: ies ot entrapped bxolo, ^ 

30 spares with 
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single layer, as taught in the prior art, a weak membrane 
ensues since PLL binds less Well to high G than it does 
to high M. Thus, while the- capsule core is physically 
stable, the membrane is weak as evidenced by the high 
percentage of disrupted capsules following immersion in 
distilled water. Evidence for this difference in 
strength is provided by differences demonstrated in the 
explosion assay (see Table 1), i.e., alginate capsules 
with single PLL layers (capsule formulations A, B and h, 
Table 1} show a lower percentage of intact capsules 
compared to alginate capsules with a double PLL layer 
(capsule formulations c, D, E and F, Table 1) following 
immersion in distilled water. Indeed, capsules A, B and 
H fail m vivo due to membrane disruption. 



Thus it is clear that the ideal capsule for 
long-term in vivo function in small and large animal 
models must be formulated in such a way that it provides 
a balance between all of the properties critical to in 
vivo success. Accordingly, capsules must be formulated 
20 in a manner such that all of the following parameters, in 
combination , rather than in isolation, are met: 
•(i) stable gel core; 

(ii) strong, immunoprotective capsule 
membrane; 

(iii) biocompatible membrane without 
excess exposed PLL; and 

(iv) diffusion capacity sufficient to 
P r °vide biological material to the 
host system in a timely manner. 



In order to address these parameters in 
combination, in vitro assays have been devised which 
allow prediction of which capsules meet all the above 
criteria, and which capsules will succeed when implanted 
in a large animal. Such functional assays, which are 
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predictive of capsule formulations which would succeed in 
vivo, have not been described in the art. 

The in vitro assays developed in accordance 
with the present invention are the "Explosion Assay," the 
5 "Swelling Assay," the "Implosion Assay" (wherein various 
grades of membrane alteration are observed following 
entrapment of the microcapsule in a 1.8* high G alginate 
macrogel) , and the "Diffusion Assay" (all of which are 
described in detail in Example 1) . 

10 Criteria of Functional Assays Pr edictive of Capsule 

Compositions for Successful In v ivo Transplantation 

In accordance with the present invention, it 
ha6 been discovered that capsule compositions which 
result in long-term, in vivo success in large animal 
15 models meet the following functional in vitro parameters: 

1. Explosion Assay: At least 5* of the 
original capsules remain intact following 
immersion in distilled water for 24 hours. 

2. .Implosion Assay: Not greater than 2+ 
20 implosion as defined in the implosion 

assay described herein. 

3. Swelling Assay: No greater than 180% 
swelling of original capsule volume after 
12 hours exposure in saline. 

25 4. Diffusion Assay: At least 1.5X basal 

stimulation of the end product in vitro, 
following maximum stimulation. 



In accordance with the present invention, it 
has been found that capsules which pass all of the above 
30 functional assays prove successful in vivo in large 

animal models. As a corollary, capsules which fail one 
or more of the above functional assays fail to provide 
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long-term function in vivo. The following non-limit nig 
examples are provided to illustrate the preparation of 
capsules of the invention and to demonstrate the 
excellent correlation between the functional assays 
5 described herein and in vivo success. 

fjvara ple 1 
Tn v j-hrn Assays 

"F.xplos fr>n Assay" 

Alginate microcapsules (20 to 30 in number) are 
10 transferred to 10cc distilled water and examined 
microscopically at regular intervals (2 minutes, 4 
minutes, 10 minutes, 20 minutes, 30 minutes, 60 minutes, 
2 hours, 4 hours, 12 hours, 24 hours) post immersion. 
The alginate capsules swell due to ingress of water and 

15 eventually explode. A microcapsule formulated by the Lxm 
method exploded. In accordance with the present 
invention, it has been found that the percentage of 
capsules which swell and explode over time is a function 
of both (i) capsule core stability, and (ii) capsule 

20 membrane strength. 

Capsules of varying compositions, as follows, 
have been studied: 

(A) Lim capsule (low G alginate-PLL-alginate 
with liquification of gel core); Microcapsule A, "MIC-A"; 
25 prepared employing 1.3% sodium alginate (low G) in 
saline, in 1.1% CaCl 2 in saline; then applying an 
alginate-PLL membrane by crosslinking with PLL, (0.05% x 
10 min.); then applying an outer alginate coat (0.15% x 
10 min) ; and finally liquifying the core with sodium 
30 citrate (55 mM x 6 min.). 
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« lth liguification cT g TC h Icrf ""T"*"*— 

liquifying the core „ith sodiua citrate (55 m x ^ ^ 

™ annate ( high„, ); ^ ^ ™- 

employing 1.8 to 2 ot hi„>, r , ' prepared 

a PLL „e»brane 0 * «-» Wrt, 

^. ^ 3 min.); then applyinq an 

is T2T te al9inate ooat usin9 h ^ « (o „ , 

10 ». .), a possible variation is the use of high g 

alginate in this step - see xrr m . «... 

membrane (cos* x 10 to ' M ." lc - E > » «*«• "PPlying a pll 

lengthened ^ • 

alginate coat usin "hlghl a gt tV^T* ? T~ 
20 possible variation < «. iginate < 0 - 2 * * 10 mm.) a 
«ep - J: r ^/ S «» USe «* « alginate in this 

O alginate vL^i! TT^ *^ Y " <Mld *™ 
--^.1«?T i»>-=S«.eo„s soli, gel 

» Prepare* hit T ' f™" 1 * •««., 

w - caicijaig 9 ^:: r^:;:,rr:; ~™ 

alginate coat using n £h G aPPlYln9 " inte ™^ 
30 -ih,; then app"i„! t " (0 - a * * " 

mini «, u Ppiylns a PLt - nembrane (o.ost x 10 to 12 

T1:J? 7 PC ° duoin » » lengthened .e^rane 
conducting a caci, p r e„a Eh ; and finally apnlvinj 
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(E) Novel method: Pentalayer (high G-alginate 
inhomogeneous solid gel^PLL-alginate (high G)-PLL- 
alginate (high G) ) ; Microcapsule E, -mc-E-j prepared 
employing 1.8 to 2.0% high G alginate in 5% mannitol 

5 (non-ionic) in 0.4% CaCl 2 (low Ca~ content); then 

applying a PLL membrane (0.1% x 3 min.); then applying an 
intermediate alginate coat using high G alginate (0.2% x 
10 min.); then applying a PLL membrane (0.05% x 10 to 12 
min.) and finally applying an outer alginate coat using 
10 high G alginate (0.2% x 10 min.). ). Note that MIC-C 
with high M in the intermediate layer demonstrates a 
stronger membrane than MIC-E with high G. 

(F) Novel method: Ba:Ca inhomogeneous gel 
core-PLL-alginate-PLL-alginate (Microcapsule F, "MIC-F") ; 

15 prepared employing a high G Ca:Ba alginate core having a 
high negative charge on the gel surface (1.8% high G 
alginate (or a 1:1 mixture of high G and high M alginate) 
in 1:50 BaCl 2 :CaCl 2 in 0.4% CaCl 2 in mannitol 
(inhomogeneous gel); then applying a PLL membrane (0.05% 

20 x 3 min.); then applying an intermediate alginate coat; 
using high G and/or high M alginate in various 
combinations (0.2% x 10 min); then applying a PLL 
membrane (0.05% x 4 min.) and finally applying an outer 
alginate coat; using high G and/or high M alginate in 

25 various combinations (0.2% x 10 min.). 

(G) Novel method: Ba:Ca inhomogeneous gel 
core-sodium citrate-PLL-alginate (Microcapsule G, 
-MIC-G-); prepared employing 1.8% high G alginate in 5% 
mannitol in 1:50 BaCl 2 :CaCl 2 (0.4% CaCl 2 in mannitol; (an 
30 inhomogeneous gel having a high negative charge on the 
gel surface) ; then applying sodium citrate (55 mM x 1 to 
6 min.); then applying a PLL membrane (0.05 to 0.1% PLL, 
3 to 6 min.); and finally applying an outer alginate coat 
using high M or high G alginate (0.2% x 10 Min.). 
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(H) Novel method: Ba:Ca inhomogeneous gel 
core-PLL-alginate (Microcapsule H, -MIC-H-); prepared 
employing i. 8% high G alginate in 5% J* 

5 ! aC H 2:CaCl2 (0 ' 4% ^ in » annitol ><- ^en applying * a PLL 
5 Membrane (0 .05% x 10 min.); then applying an outer 
alginate coat (0.2% x 10 min). 

(I) Novel Method: Ba:Ca inhomogeneous gel 
core-PLL-alginate-PLL-alginate (Microcapsule I, -mc-i-, . 

io aThi ITT" 9 a high M/high G Ca:Ba al * inate ~- ' 

(1.8% high g alginate and 1.8% high M alginate in i :50 
Baci 2 :caci 2 in 0.4% caCl 2 in mannitol (inhomogeneous gel)- 
then applying a PLL fflembrane (0-05% x 3 . ^ * > < 

applying an intermediate high G/high M alginate coat 
(0.2% x io min); then applying a PLL membrane (0.05% x 4 
15 man.) and f inally applying an QUter faigh g ^ 

alginate coat (0.2% x 10 min.) 

(J) Novel method: Ba:Ca inhomogeneous gel 
core with PLL-PLL- a igin a te (Microcapsule J, nnj) . 

20 ZTT eDPl0ying X ' B * high G al * inate ** 5% mannitol, 
a PL^ m B ! Cl2:CaCl2 ' °* 4% ^ in Kannlt01 ™ g 

a ^eiT ran ; • (0 - 05% x 4 ttino? ^ ™ n * a ~ 

PLL membrane (0.05% x io min.); and finally applying an 
outer alginate coat using high G and/or high M alginate 
in various combinations (0.2% x 10 min.). 
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The results are summarized in Table l: 
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CAPSULE 
TYPE 



A. StttvUrd 

B. Standard 

C. Novel 

D. Novel 

E. Novel 

F. Novel 

G. Novel 

H. Novel 

I. Novel 
J. Novel 
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CORE 



liquid 

liquid 

Solid 
<Ce~) 

Solid 
(Ca**) 

Solid 
(Ce**) 

Solid 
(Ce:Be) 

Solid 

Solid 
(Ce^Be) 

SoUd 
<C*:B«) 



ALGINATE EXPLOSION ASSAY (% Capsules Intact) 





4' 


10' 


20' 


30* 


60' 


24hrs 


Low G 


1 W 


o 


0 


0 


0 


0 


HighG 


100 


76 


76 


76 


76 


5 


HighG 


100 


100 


98 


98 


98 


98 


HighG + 


69 


50 


45 


42 


39 


m 
lo 


HtghM 














HighG 


97 


87 


85 


85 


81 


76 


HighG 


100 


100 


98 


96 


92 


69 


HtghG 


86 


72 


66 


62 


62 


57 


HighG 


91 


16 


0 


0 


0 


0 


HighG + 


74 


64 


68 


61 


47 


33 


HighM 












84 


HighG 


100 


100 


96 


92 


92 



Thus, the higher the stability of the capsule 
core the greater (thicker) the capsule membrane 
core, the greaw v ™ su les will swell and 

strength, the lower number of capsules wij. 

explode. 



This is a milder variation of the explosion 
assay in that the capsules are immersed in 0.9% 
Z observed over time for swelling. This swelling assay 
"fa function of the stability of the capsule core, *n 
Homogeneous capsule core with hi* -echamcal s^ength 
(high ' alginate) and strong ionic bonds (e.g barxum, 
demonstrated minimal swelling «20% over a 12 hour 

T.^if^d capsule core of low 
rieriodl . whereas a liquified c^P au 

mimical strength and lo« chemical .t^litjr-P"- 
of a high H Alginate core (Capsule Type 
30 demonstrated rapid swelling during the products of the 
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capsule (>ieo% of -5+-- . . 

unstabie when '£] - ~ -» to be 

• "ith high p^!"' T SUle " 6Bbrane impliBS a —■«». 

— m~ n 2 d ri9iaity —<*■*- w" h such . 

demonstrated by ll T " "-*»"• ta <« 

10 i.e., no excess »™ „ "tical for an vivo success, 
accordance "1 ^ °" *** Beab ™ ne 

Oeveioped whic" P^t?;?*™ 0 "' " ~" - 

-crocapsule o J ^IT' *" * ^ *^te 

excess M o/^ ^e^ndT « -ith 
When pl aced in vivo, severe ill " bl ~™»le 
the hi nenbrane occurs " f ° Wln9 ° f 

>o PU. and a very r JwT ! ' ' *" **" ° f 

^Oino of the Shrine If J! ' 1 — or 

*e extreme and the capsule T can 
itself. Iti s PP6arS t0 " iBPl ° de " on 

functional J^^^-.f" 1 "- *» « . 

membrane by thie Wi« • J.aty of the pll 

various thl^^J^-^"" ~"tai„i„ 5 

= or PLt, Membranes are as follows: 
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X.0+ = 
2.0+ = 

3.0+ " 
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pacing n^orv^ions _ 

0 «= Even surface of membrane 

0.5+ = striations noted on membrane 
Mild indentations 

Larger indentations but no large infolding of 
the membrane 

Severe infolding (implosion) of the membrane; 
capsules which demonstrate 3+ are predictive of 
fibrosis if implanted in vivo. 

An example of the in vivo predictive value of 
the implosion assay is demonstrated by inspection of 
microcapsule MIC-J, revealing a Grade 3+ imploded 
alginate capsule (based on a Ba:Ca formulation and excess 
PLL on the surface) . When this microcapsule was 
implanted into the peritoneal cavity of Lewis rats and 
retrieved after 7 days, severe fibrosis was noted, as can 
be expected from a capsule with excess PLL on the 
surface. In contrast, inspection of microcapsule MIC-A 
reveals an alginate capsule formed with minimum 
20 implosion, predicting that the PLL has complexed well 
with the surrounding alginate. This capsule was 
implanted into .Lewis rats and, as predicted by the assays 
described herein, minimal overgrowth was noted on 
retrieval of the capsule after 7 days. While these 
25 capsules exhibit the property of biocampatibility based 
on the results of the implosion assay (0 to 0.5+ grade , 
long-term stability was poor, as predicted by the results 
of the explosion assay. 

It is clear to anyone skilled in the art, that 
30 the capsule gel which is used to entrap the microcapsules 
(thereby producing a macrocapsule) can be of any gelling 
or polymerizable material such as alginate, agar, 
polymerizable PEG, etc. 
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j . „ In f losi <"> "suits ot capsule formulations A to 
' (as described in Table 1, are presented ^ * 

TABLE 7. 

CAPSULE TYPK IMPLOSTnM .cc^ y 
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A 


0 to 0.5+ 


B 


0 to 0.5+ 


C 


0 to 1+ 


D 


0 to 1+ 


E 


0 to 1+ 


F 


2 + 


G 


2 + 


H 


2+ 


I 


2+ 


J 


3 + 
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mater* , Di " USion of *"» 9 el entrapped biological 

«: « functional study 

whereby the entrapped cell is stimulated to release an 
end-product, and the rapidity as veil as extent" 
release of thi. end-product, is measured. 

Specifically, encapsulated islets are 

s^etioTm" 1 " 1 9lUMSe ' — insulin 

secretion measured. Kinetics of insulin secretion from 
the gel entrapped encapsulated canine islets were 
compared to individual microencapsulated islets or 
".encapsulated canine islets as follows: either free 
^encapsulated canine islets (controls, or emulated 
canine islets or gel entrapped encapsulated oS^T* 
were incubated in HHa cuiture medium contain " "a L at 




level of 60 mg% glucose for 60 minutes , then transferred 
to medium containing a stimulatory level of 450 mg% 
glucose and 10 mM theophylline for 60 minutes and 
returned to basal medium (60 mg% glucose) for an 
5 additional 60 minutes. These tests were performed in 
triplicate. The supernatant was collected at the end of 
each 60 minute period. Insulin secretion was assayed by 
measuring insulin concentration (//U/ml per islet 
equivalent count) in the supernatant, using RIA. The 

10 results are shown in Figure 1, which shows an example of 
encapsulated islets ("Free MC"), demonstrating excellent 
release of insulin compared to basal levels. In 
accordance with the present invention # it has been found 
that a release level of 1.5 to 2X basal demonstrates 

15 diffusion capacity sufficient to provide adequate 
function when transplanted in vivo. 

Example 2 

Capsule Formulations which Fail the Above-described 
Functional Parameters and which Fail In Vivo 

20 Prior Art Capsule Formulations: 

Lim (U.S. Pat. No. 4,352,883; Oct. 5, 1982) 
described alginate formulations whereby the gel within 
the membrane is re-liquified using sodium citrate (see 
Claim le, U.S. Pat. No. 4,352,883). When this 

25 formulation is tested in the explosion assay, 100% of the 
capsules are disrupted by 10 minutes (see Table 1) , 
demonstrating a very unstable gel core (since it has been 
re-liquified) as well as a mechanically weak membrane. 
The implosion assay demonstrated a 0 to 1+ grade (see 

30 Table 2) , predicting that the capsule is biocompatible in 
terms' of exposed PLL on the surface. 



In vivo studies confirmed the outcome predicted 
by these functional assays . Empty microcapsules, 
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formulated by the method taught by Lim, demonstrated no 
overgrowth of intact capsules when retrieved after 7 days 
intraperitoneal implantation in normal Lewis rats 
(corroborating the results of the implosion assay) . 
5 Disrupted capsules were also retrieved (confirming the 
results of the explosion assay. These Lia capsules 
failed to provide long-term immunoprotection, as 
demonstrated by rapid failure (within 14 days) following 
canine xenografts in diabetic Lewis rats. Even rat 
10 encapsulated allografts failed rapidly. Retrieval of 
these encapsulated islets demonstrated capsular 
disruption with dense fibrous overgrowth of the capsule 
membrane. Goosen et al. (U.S. Pat. No. 4,689,293) 
corroborates these findings by demonstrating that 
capsules formulated by the Lim method provide function 
for only 2 to 3 weeks in rats (see Goosen Example 3) . 

This weakness in the capsule core thus explains 
to a large extent why there have been no reports of 
successful encapsulated islet transplants in large animal 
models for over a decade since the first description of 
this method by Lim and Sun in 1980. 

Various attempts at improving this capsule 
formulation have been attempted by Tsang (U.S. Pat. No. 
4,663,286; May 5, 1987), by Goosen et al. (U.S. Patent 
No. 4,689,293; August 25, 1987), and by Goosen et al. 
(European Patent application Number 88306789.4). All of 
these attempts, however, fail to address the fundamental 
weakness of the alginate gel core. Tsang concentrated 
his efforts on improving the porosity of the capsule 
membrane, rather than on the strength of the capsule gel 
core, in fact, the gel core was rendered even more 
unstable by saline washings as taught by Tsang (U.S. Pat. 
No. 4,663,286; Claim IB). The re-liguif ication step 
(U.S. Pat. No. 4,663, 286; claim 3) was continued, adding 
further weakness to the gel core. Similarly, Goosen et 
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al. (U.S. Patent No. 4 , 68 9 , 293) concentrated on modifying 
the polycation membrane, and still taught liguif ication 
of the gel core. Again, capsules formulated by this 
method have failed to provide in vivo function in large 
5 animal (canine) models. 

In European Patent Application 88306789.4, 
Goosen describes multiple layers of polycation membranes, 
but again teaches liquifying the gel core. In fact, the 
goal of this method was to decrease . as opposed to 

10 increase, the concentration of the intracapsular gel 
core. In example 6 of the Goosen application, it is 
indicated that "the multiple membrane microcapsules 
contained about 23% less alginate than the standard 
microcapsules. 11 With this decrease in polymer 

15 concentration within the gel core, a highly unstable 
capsule results in vivo. 



Chang (U.S. Pat. No. 5,084,350; June 28, 1992) 
describes a variation of multiple capsule membranes using 
PLL, but again teaches re-liguif ication of the gel within 
20 such membranes (see Claim le, U.S. Pat. No. 5,084,350). 

Capsule Formulation Using Barium as an Ionic Gel: 

1.8% high G alginate (Protan Biopolymer, 
Norway) was gelled in a 1:10 ratio of caci 2 :BaCl 2 , 
resulting in a strong alginate gel core. Thereafter, 

25 0.05% PLL was complexed with the gel sphere for 4 

minutes, followed by a second coat of PLL (0.05% X 10 
mins) and then by an outer layer of 0.2% high G alginate. 
In vitro functional parameters demonstrated the 
following: 4% explosion in 20 minutes (demonstrating a 

30 highly stable gel core and strong capsule membrane) and 
3+ implosion (predicting fibrous overgrowth) . Retrieved 
empty capsules implanted into the peritoneal cavity of 
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Lewis rats demonstrated severe fibrous overgrowth after 7 
days . 

A modified version of the above capsule 
formulation was attempted using a BaCl 2 :CaCl 2 combination 
5 (1:50 ratio) and 0.04M CaCl 2 as the gelling cation with 
0.05% PLL for 10 minutes. A high explosion level (<5% 
intact after 24 hours) and low implosion assay (1+) was 
noted. Canine islets were encapsulated by this 
formulation and transplanted into a pancreatectomized, 

10 diabetic dog. Euglycemia (normalization of blood glucose 
below 200 mg%) was achieved, but maintained for only 2 
days, after which the diabetic state recurred. 
Examination of the peritoneal cavity revealed 
microcapsules tightly adherent to the omental tissue, 

15 confirming the poor biocompatibility and poor 
immunoprotectivity of this formulation. 

Example 3 

Capsule Formulati ons which Meet the Above-describgrt 
Functional Parameters and Demonstrate Long-Term Jn ViVn 
20 Function in the Large Animal Model 

Xnhomocreneous Gel Core with High Guluronic Acid Cn r +p n +- 
and Sandwich Laver of ?LL fPentalaver Microcapsule) 

The method and principles of this formulation 
are as follows: 

25 (i) a solid high G alginate core provides 

increased mechanical strength, and improved 
biocompatibility (decreased cytokine stimulation) ; 

(ii) by forming an inhomogeneous solid gel 
core, the capsule membrane is strengthened due to 

30 increased negative charge density available on the 

surface to which PLL may bind. An inhomogeneous gel core 
is accomplished by dissolving alginate in a liquid with 
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the 



1o „ ionic os.olyte content, » this ^solved in 

alginate (>S0% G with a bloc* length ») » dissolved „ 
a 5* »annitol solution. In addition, by usmg a low 
concentration of calcium (0.05H). dissolved xn 5% 
6 mannitol solution, inhomogeneity of the capsule gel core 

is increased; . 

(iii) A sandwich layer of PLL is used, 

i.e., following entrapment of the islet in an 
inhomogeneous high o alginate gel core, the capsule 

10 membrane is formed by exposure to PLL (0.1%) for 3 
minutes. This is followed by application of an 
intermediate layer of either high M or high G alginate, 
which serves as a template for the second layer of PLL- 
B y virtue of this sandwich layer of PLL-algxnate-PLL 

15 capsule membrane is significantly strengthened. If high 
G alginate is used in the sandwich layer, saline washes 
(0.9% Had) for 10 minutes between each application of 

PLL is a necessary step. 

(iv) An outermost layer of either high M 
20 or high G alginate (the pentalayer) is applied to mask or 
cover any unbound PLL, thereby preventing excess exposure 
of positively charged PLL. 

For example, Mic-C is prepared as follows: 1.8% 
high G alginate (G content >50%, 6 block chain lengths 
25 >5) solid core (an inhomogeneous gel is formed by 

extruding the high G alginate [1.8% alginate solution in 
low osmolyte medium of 5% mannitol] through a droplet 
generator into a 0.05M CaCl 2 , dissolved in 5% mannitol 
solution), followed by PLL exposure (0.1% for 3 minutes) , 
30 followed by an intermediate layer of high H alginate 
(0.2% for 10 minutes) to facilitate PLL interaction 
then, a second PLL layer (0.05% for 10 minutes) , followed 
by an outer coat of high M alginate (0.2% for 10 
minutes) . In accordance with the present invention, it 
35 has been determined that this -sandwich'- method provides 
improved capsule membrane strength, as compared to a 
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single pll layer (microcapsules mic-a mto » 
Table 11 A ' MI C~B and mic-h 

Furthermore, this double i av ^ * . 

alginate (MIC-c t.w. ii ° f high M 

1 C C ' Table Provides a stronoer Bbb k 
when compared to a double laver D * >, ■ 7 tteobra ne 

5 (compare Mic-E Tab1 7, * hlgh G al ?inate 

t p re nxc E, Table 1). Evidence of this ^ . 

»Y the explosion assay. Thi s is Wl^"^ 
report of modulating ptj, eaiGved to be the first 

annates of a stell^^T * 
p 1I1C (nigh M) composition. 

S g« °f High H m^ ..... f - 7n „ n 

« Gloving chapel: ^ "™->- * the 

Variant fn) mT( - l 

in the gel core 11 T ^ ^ M> ^ iB ^ is «— 
" prefereltL^ ; ""^ that PLL 

alginate provides , ° f hi » h 0 

^ capsule cot nrtl r^** 1 

!s (*«G). Islets are solution of high H alginate 

inho^ogeneous gel Th Tr Ped - in ^ * « 

-b°ve for the preparlti ™ 9 — ° S — 

-the ^"^^ J'^* — 
variation or coition of rat^ win 
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Variation (b) (MIOE1 : 

High G alginate (instead of high M alginate) is 
used in the PLL-alginate-PLL sandwich layers. The outer 
alginate coat is also of an alginate with a high G 
5 content. It is clear to anyone skilled in the art that 
variations of combinations of high G and high M alginate 
in the sandwich and outer layer can be used, e.g., high M 
in the outermost layer only, with high G alginate in the 
intermediate layers of PLL. 

10 Similarly, variations in combinations of the M 

and G content in the capsule core relative to G and M 
content in the intermediate sandwich layer and outer core 
are possible. 

Capsules of variations MIC-C, MIC-D and MIC-E 
15 were formulated, and canine islets encapsulated in this 
material were transplanted intraperitoneally into 
spontaneous diabetic dogs (results discussed below) . 

Use of Barium Chloride 

The addition of barium chloride as a gelation 
20 cation will increase the capsule core stability since 
barium has a high binding affinity for alginate. 

In this example, barium chloride is combined 
with calcium chloride, preferably in 1:50 ratio (the 
ratio can vary from 1:20 to 1:1000), using 0.05 M calcium 

25 chloride. An inhomogeneous solid gel core is formed by 
using a non-ionic osmolyte in the gelling solution (5% 
mannitol) • Following formation of the alginate gel core, 
the remaining steps are as described above for the 
preparation of MIC-C, except the concentration and 

30 duration of exposure of PLL is decreased (to prevent 
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excess unbound PLL exposed on the surface of the 
membrane, 0.05% X 3 mins., and 0.05% X 10 mins.). 

A variation of this formulation is provided by 
the use of sodium citrate to remove calcium ions from the 
5 solid gel core, yet maintaining the gelled state (due to 
the presence of barium cross-links) , and thereby 
facilitating PLL complexation with the alginate gel core 
(MIC-G) . Under these circumstances, only a single 
exposure of 0.05% PLL for 5 to 6 minutes is necessary to 
10 accomplish a very strong capsule membrane. 



Thus, MIC-G is prepared by combining barium 
with calcium in a 1:2 to 1:1000 (preferably 1:50 to 
1:100) ratio in the capsule gelation step. In this way, 
a solid core inhomogeneous gel is formed using both 

15 barium and calcium as ionic cross-linking cations within 
the alginate core. Immediately following this step, the 
gel spheres are immersed in sodium citrate (5 to 55 mM 
for l to 6 minutes) to remove all calcium ions. Since 
the barium cross-link is not disrupted by the addition of 

20 sodium citrate, the solid core gel remains intact, while 
availability of negatively-charged alginate is now 
increased (by removal of Ca**) , thus increasing PLL- 
alginate interaction, resulting in a stronger membrane. 
This is the first description of the use of a chelator to 

25 enhance alginate-PLL interaction. As can be seen in 

Table 1, with reference to MIC-G, a much stronger capsule 
was formed with the use of sodium citrate than without 
(compare MIC-H) . 

It should be apparent to anyone skilled in the 
30 art that the variations MIC-C, MIC-D, MIC^-E, MIC-F, 

MIC-G, MIC-H and MIC-I, together with all combinations of 
high G or high M alginate in the sandwich layers and 
outer cores, can be applied using BaCl 2 :CaCl 2 as the 




gelling solution, with or without the use of sodium 
citrate. 

Canine islets were encapsulated by these 
techniques , and transplanted intraperitoneally into 
5 spontaneous diabetic dogs (results discussed below) ♦ 

The differences between invention microcapsules 
MIC-C, MIC-D, MIC-E, MIC-F, MIC-G, MIC-H and MIC-I, and 
standard formulations in the prior art, are summarized in 
Table 3: 
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Table 3 



1 . Functional Parameters as 
a whole: 

Explosion Assay 
Implosion Assay 
Diffusion Assay 
Swelling Assay 

2. Solid Gel Core 

3. Liquified Gel Core 

4. Inhomogeneous Gel Core 

5. Use of High G in Solid 
Core 

6. Use of Admixture of High 
G and M in solid Core 

7. Use of Ba:Ca 
combination as gelling 
cations 

8. Use of High M Alginate in 
increasing membrane 
strength 

9. Use of Pentalayer 
Capsule with solid core 
gel 

1 0. Use of Na Citrate to 
increase membrane 
strength immediately 
following gelation step 

1 1 . Successful Long-Term 
reversal of Diabetes in 
large animal models 

12. Long-term highly 
discordant xenograft 
function with short-term 
cytokine suppression 

13. Increased immunoactivity 
due to solid core 

1 4. Increased diffusion of 
entrapped biological end 
product (electrostatic 
discharge) 



Standard 
Capsule 
Formulation 
(Prior Art) 

Fail 



Novel 
Capsule 
Formulation 

Pass 



Absent 
Present 
Absent 
Absent 

Absent 

Absent 

Absent 



Absent 
(Triple) 
(Liquid Core) 

Absent 



Fatted 
Failed 

Absent 
Absent 



Present 
Absent 
Present 
Present 

Present 

Present 

Present 

Present 

Present 



Long-term 
Success 



Long-term 
success 



Present 
Present 




Example 4 

In Vivo Function and the large Animal Model 

The formulations described above were all shown 
to pass the following functional parameters: 
5 (i) explosion assay (>5% intact after 24 hours 

exposure to distilled water) ; 

(ii) minimal implosion (0 to 2+ grade) ; 

(iii) adequate diffusion (glucose stimulation 
index of 2X basal) ; and 

10 (iv) swelling (no greater than 180% of original 

volume over 12 hours exposure to saline) . 



Canine islets were encapsulated by these 
formulations , and transplanted intraperitoneally into 
spontaneous diabetic dogs (n=6) . Three dogs received 
unencapsulated free islets as controls. Diabetes was 
confirmed by the absence of circulating C-peptide levels 
(£0.15 pg/ml) , abnormal intravenous glucose tolerance 
test (K-values 0.6 ± 0.4) , and elevated glycosylated 
hemoglobin (HbAlc) levels (7.3 ± 1.4). All animals 
required daily insulin injections (1 to 4 U/kg) to 
maintain glucose control. Canine islets were prepared 
from pancreata of outbred donor dogs and transplanted 
intraperitoneally either as free islet controls (n=3) or 
as microencapsulated islets (n=6) . 

25 All 6 encapsulated islets recipients were 

rendered euglycemic within 24 hours of implantation , and 
remained free of insulin requirements for a median period 
of >100 days (see Figure 2) . In contrast, the recipients 
receiving unencapsulated islets rejected their grafts at 

30 8 to 12 days. 

This is the first known report of successful 
long-term reversal of diabetes in the large mammalian 
species body by a single injection of microencapsulated 
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islets. Glucose tolerance tests performed pre and 14 
days post encapsulated islet transplant revealed a 
physiological release of insulin with normalisation of 
blood glucose following a systemic injection of glucose 
5 (K-value = 0.59 ± 0.51 and 3.0 ± 0.74 respectively (see 
Figure 3) - thus demonstrating the adequate diffusion 
capacity of the intraperitoneal encapsulated islet. 
Evidence of long-term islet function (thereby 
demonstrating the stability of the capsule gel core and 
10 the immunoprotectivity of the capsule membrane) , was 

provided by improvements in the recipients' body weight, 
as well as by parameters demonstrating improved metabolic 
control (e.g., improved glycosylated hemoglobin levels, 
improved cholesterol levels and improved K values) . 
15 Immunohistochemical examination of the capsule retrieved 
67, 90, 120 and 175 days post-transplant revealed 
capsules with intact membranes, intact gel cores and 
viable islets staining positive with anti-insulin 
antibodies. This is the first report of long term 
survival of encapsulated islets in the large animal 
models . 



20 



Following return to exogenous insulin therapy, 
4 dogs received a second transplant, and one received a 
third implant of islets encapsulated in the formulations 

25 described above. Islet survival and ongoing function in 
these animals was demonstrated by significant improvement 
of metabolic control as evidenced by improved body 
weights, improved response to a systemic glucose" 
challenge (K-values) (see Figure 4), ongoing endogenous 

30 insulin secretion as evidenced by basal (see Figure 5) 

and stimulated C-peptides (see Figure 6) . Based on these 
objective criteria, it is demonstrated for the first time 
that islets encapsulated in these novel formulations 
survive for as long as 732 days (see Figure 7) . There 
5 are no reports in the literature of this length of islet 
survival using intraperitoneal encapsulated islets in the 
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large animal model. Figure 7 demonstrates the «uratxon 
of islet survival in these recipients receiving multiple 
implants and Figures 4, 5 and 6 demonstrate objective 
evidence of improved, ongoing metabolic control. 

5 f^amnle 5 

r , ),,„ in th- nil "" n^cord.nt y*no<Traft Model 

The capsule formulations described above were 
used to encapsulate human and canine islets for 
10 transplantation into diabetic Lewis rats. All 
formulations passed the explosion, implosion and 
diffusion criteria as defined above. Diabetic Lewis rats 
were transplanted intraperitoneal^ with the following: 

(i) empty capsule controls (n=4) ; 
15 (i i) encapsulated canine islets (n=6) - 

discordant xenograft; 

(iii) encapsulated human islets (n=6) - 
discordant xenograft; or 

(iv) untreated diabetic control (no 
20 transplant) n=4. 

in the rats receiving encapsulated human and 
encapsulated canine islets, successful reversal of 
diabetes was achieved for >40 days in both groups with a 
short course (10-day) of cytokine suppression using 
cyclosporin. This was evidenced by normalization of 
serum glucose levels «200mg%) , reduction in daily urine 
volume and maintenance of the animals body weight. 
Furthermore, a glucose tolerance test performed in the 
rats receiving encapsulated canine and human islets 
showed normalization of the insulin response to a 
systemic glucose challenge, with K-values of 2.92 ± 1.26 
and 3.5 ± 0.7, respectively. In contrast, the rats 
receiving empty capsules (controls) and the untreated 
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^^^^ ^^^^ ' V>^ A «« 

44 

diabetic rats (controls) demonstrated 

in response to a fiVc * eroonstrat ^ abnormal K-values 

and 0.4 ♦ o 15 V ySte : 4 1C 9lUCOSe «»W (K-0.6 ± o. 12 
0.15, respectively). 

This is believed to be the * 
» -* aong-ter* successful rever * TA^llTlTlTt? 
accordant xenograft (hUMn/canine » « ^ 

in «» «* will recognUe that these 
formulations could be applied to discordant xeno !f* . 
Urge kalian species. e.g.. pig ^ I™ 8 " 5 » 



10 



15 



20 



n0riall2ed in recipients vitho!t the use of 

^rsr^L^ hi9hly discoraant tr ~ 
-i^Ti^Lijr- r port of iong term e ~~ i «* 

retrievable Ll^tTL ! 1Bplantati - <* encapsulated, 
*e islets in such a discordant xenograft. 



Other f Wi Typ oe 
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It is clear to anyone skilled in the 

a"pU e rr? ti0nS fM *» ——^n 12 >?' 

lal or ce " tYPe, including live cells »„, , 
cells, neural cells. a ny natural* occ^r ing ceT 
secreting a biologically active JterlaT or Z 
9*neticall y engineered M1 ao «* 
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While the invention has been described in 
detail with reference to certain preferred embodiments 
thereof, it will be -understood that modifications and 
variations are within the spirit and scope of that which 
is described and claimed. 
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THAT WHIC H IS CT,ATMT?n j«. 

1. A capsule which .provides long-tern in vivo 
function of biological material contained vithin said 
capsule in large mammalian species, wherein said capsule 
is characterized by: 

(i) withstanding disruption following 
immersion in distilled water, wherein at least 5% of a 
population of capsules remain intact after 24 hours of 
immersion; 

(ii) wrinkling on the membrane surface of said 
capsule is no greater than a grade 2+ in the implosion 
assay following entrapment of said capsule in a solid gel 
sphere ; 

(iii) swelling no more than 180% of its 
original size after 12 hours immersion in 0.9% saline; 

15 and 

(iv) secreting end product at at least basal 

levels. 

2. The capsule of Claim 1 wherein the 
biological material comprises encapsulated islet 
allograft or xenograft that reverses diabetes in large 
mammalian species. 

3. The capsule of claim l which provides 
immunoprotection of a highly discordant xenograft tissue 
and long-term function following transplantation in large 
mammalian species. 

4. The capsule of Claim l wherein the 
biological material is selected from any natural 
occurring or genetically engineered cell secreting a 
biologically active material. 
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5. A capsule which provides long-term in vivo 
function of biological material contained within said 
capsule in large mammalian species , wherein said capsule 
is characterized by having a solid gel core. 

6. The capsule of Claim 5 wherein the solid 
gel core comprises a solid homogeneous gel core. 

7. The capsule of Claim 5 wherein the solid 
gel core comprises a solid inhomogeneous gel core, having 
an alginate concentration on the surface of the capsule 
that is higher than that in the center of the capsule. 

8. The capsule of Claim 7 wherein said solid 
inhomogeneous gel core comprises a calcium alginate gel, 

9. The capsule of Claim 7 wherein said solid 
inhomogeneous gel core comprises a solid core 
calcium/bar ium alginate gel, and wherein the ratio of 
calcium to barium is in the range of 2:1 to 1000:1. 

10. The capsule of Claim 1 comprising an 
alginate of greater than 50% guluronic acid content. 

11. The capsule of Claims 1 comprising an 
alginate comprising a mixture of 

guluronic acid having greater than 50* 
guluronic acid content with a G-block length greater than 
5 4, and 

mannuronic acid having greater than 50% M 

content. 

12. The capsule of Claim 1 wherein said 
biological material is encapsulated in the presence of an 
osmolyte selected from mannitol, glycerol, sorbitol, 
distilled water or sucrose. 
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13. The capsule of Claim 5 comprising an 
alginate of greater than 50% guluronic acid content. 

14. The capsule of Claim 5 comprising an 
alginate comprising a mixture of 

guluronic acid having greater than 50% 
guluronic acid content with a G-block length greater than 
5 4 , and 

mannuronic acid having greater than 50% H 

content. 

15. The capsule of claim 5 wherein said 
biological material is encapsulated in the presence of an 
osmolyte selected from mannitol, glycerol, sorbitol, 
distilled water or sucrose. 



16. a method of making a capsule comprising: 

(a) forming a solid gel core by gelling an 
alginate solution with a cationic solution selected from 
calcium chloride or calcium chloride: barium chloride in 

5 combination; 

(b) forming a physical membrane by complexing 
the alginate gel core with a polycation selected from 
poly-lysine, pbly-omithine, or chitosan; and 

(c) forming an outer, negatively-charged coat 
10 with a layer of polysaccharide; 

wherein the solid gel core is not degelled. 

17. The method of Claim 16 further comprising 
forming several layers of the physical membrane, wherein 
a sandwich layer of alginate is added following step (b) , 
followed by a second layer of PLL. 
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18. The method of Claim 16 wherein said 
alginate core is formed using barium chioride or a 
combination of barium chloride and calcium chloride, 
further comprising treating the capsule at any step in 
said method with a calcium chelator. 

19. The method of Claim 18 wherein said 
calcium chelator is selected from sodium citrate , EDTA, 
or EGTA. 

20. The method of Claim 16 wherein said 
capsule core is made of an inhomogeneous gel, wherein 
step (a) comprises using a low concentration of calcium 
chloride or calcium chloride: bar ium chloride solution. 

21. The method of Claim 16 wherein the 
cationic solution employed in step (a) comprises calcium 
chloride or calcium chloride: barium chloride solutions 
and said alginate solution comprises alginate dissolved 
in a non-ionic osmolyte selected from mannitol, glycerol, 
sorbitol or sucrose. 



22. A method of treating a large mammalian 
species with a highly discordant xenograft or 
encapsulated islet allograft comprising encapsulating 
said xenograft tissue or allograft tissue with a capsule 
according to claim 1. 

23. The method of claim 21 wherein said 
mammalian species is treated with a short course of 
cytokine suppression. 

24 . A method of determining whether a capsule 
will be stable for a long period in vivo, comprising 
testing said capsule to determine if it passes each of 
the following tests: 
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(i) withstanding disruption following 
immersion in distilled water, wherein at 
least 5% of a population of capsules 
remain intact after 24 hours of immersion; 

(ii) wrinkling on the membrane surface of said 
capsule is no greater than a grade 2+ in 
the implosion assay following entrapment 
of said capsule in a solid gel sphere; 

(iii) swelling no more than 180% of its 
original size after 12 hours immersion in 
0.9% saline; and 

(iv) secreting end product at at least basal 
levels . 
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